It is widely believed that Galactic Cosmic Rays (CR) are accelerated in Supernova Remnants (SNRs) through the process of diffusive shock acceleration. In this scenario, particles should be accelerated up to energies around 1 PeV (the so-called knee) and emit gamma rays. To test this hypothesis precise measurements of the gamma-ray spectra of young SNRs at TeV energies are needed. Among the already known SNRs, Cassiopea A (Cas A) appears as one of the best candidates for such studies, because it is relatively young (about 300 years) and it has been largely studied in radio and X-ray bands, which constrains essential parameters for testing emission models. Here we present the results of a multi-year campaign of Cas A observations with the MAGIC Imaging Atmospheric Cherenkov Telescopes between December 2014 and October 2016, for a total of 158 hours of good-quality data. We obtained a spectrum of the source from ∼100 GeV to ∼10 TeV and fit it assuming it follows a power-law distribution, with and without exponential cut-off. We found, for the first time in the Very High Energy regime (VHE, 50 GeV), observational evidence for the present of a cut-off in Cas A: an exponential cut-off at about 3.5 TeV is preferred with 4.6 σ significance over a pure power-law scenario. Assuming that TeV gamma rays are produced by hadronic processes and that there is no significant cosmic ray diffusion, this indicates that Cas A is not a PeVatron (PeV accelerator) at its present age.
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Introduction
It is widely accepted that the bulk of the cosmic-rays (CRs), up to energies of 3 PeV (the so called knee), are of galactic origin. However, the questions regarding where within the galaxy and how these particles are accelerated remain still unanswered. Supernova remnants (SNRs) have been for a long time the favourite candidates for being a PeVatron, a system capable of accelerating particles up to PeV energies, and for being the main contributors to the galactic CR sea [1, 2, 3] . This hypothesis is supported by two arguments. On one hand, SNRs can supply the power needed to explain the observed CR energy density if ∼10% of the energy released in a Supernova explosion is transferred to accelerate particles. On the other hand Diffusive Shock Acceleration (DSA, [4] ) offers a plausible acceleration mechanism and explains the CR spectral shape. During the last years, observations at different wavelengths have shown that particles are being accelerated to relativistic energies in SNRs. In particular, observations in the γ-ray band showed evidence of the presence of relativistic protons in SNRs [5] . However, no signature of particle acceleration up to PeV energies has yet been found.
Cassiopeia A (Cas A) is one of the few good candidates to study acceleration of particles to very high energies. It is a relatively young SNR (330 yrs old) and it has been largely studied in radio and X-ray wavelengths. As a result, many parameters of the remnant that are needed to test radiation and acceleration models are reasonably well constrained. It is located at a distance of 3.4
+0.3
−0.1 kpc and has an angular diameter of 5 ′ [6] .
Several emission regions have been identified in radio and X-ray bands [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17] . In the gamma-ray domain, Fermi-LAT detected the source at GeV energies [18] and later derived a spectrum that displays a low energy spectral break at 1.72±1.35 GeV [19] . In the TeV energy range, Cas A was first detected by HEGRA [20] and later confirmed by MAGIC [21] . VERITAS has recently reported a spectrum extending well above 1 TeV [22] . The spectrum seems to steepen from the Fermi-LAT energy range to the TeV bands. The photon indices measured by HEGRA, MAGIC, and VERITAS are seemingly larger than the Fermi-LAT index of 2.17±0.09, but the statistical and systematic errors are too large for a firm conclusion.
It has not been established yet which is the nature of the particles that produce the γ-ray emission observed in Cas A. Recent results from multi-wavelength modelling tend to discard a pure leptonic origin, favouring either an scenario highly dominated by hadronic emission or a more complex scenario involving several mechanisms from more than one population [1, 19, 23, 24, 25] . This last scenario is supported by the fact that several plausible acceleration regions have been identified in Cas A. Unfortunately, the angular resolution of current Cherenkov telescopes is of the size of the SNR, which makes it hard to identify from which of these regions the main fraction of the observed γ-ray emission is coming from.
In this work we present an overview of the results reported in [26] , after a multi-year observation campaign on Cas A with the MAGIC telescopes.
Observations and data analysis
MAGIC is a system of two 17 m diameter Imaging Atmospheric Cherenkov Telescopes (IACTs), located at an altitude of 2200 m a.s.l. at the Roque de los Muchachos Observatory on the Canary [27] .
Observations were performed between December 2014 and October 2016, for a total observation time of 158 hours after data quality cuts. The data correspond to zenith angles between 28 and 50 degrees and most of them (∼73%) were taken during moonlight time (see Table 1 ), under background-light levels that could be up to 12 times brighter than during dark nights. A significant part of the data (∼24%) were obtained under Reduced High Voltage (HV) settings: the gain of the PMTs is lowered by a factor ∼1.7 to decrease the damage inflicted by background light on the photodetectors during strong moonlight time. A detailed study of the performance of the MAGIC telescopes under moonlight has been performed in [28] .
The data have been analysed following the optimised moonlight analysis described in [28] . For the spectrum reconstruction a point-like source was assumed and typical selection cuts with 90% and 75% γ-ray efficiency for the γ-ray/hadron separation and sky signal region radius, respectively [27] . Three OFF regions were considered for the background estimation.
We also analysed 8.3 yr of LAT data (up to December 6, 2016) on a 15 • × 15 • region around the position of Cas A, using the usual filters recommended by the Fermi-LAT collaboration. The data set was reduced and analysed using Fermipy 1 , a set of python tools which automatise the Pass 8 analysis. Following the results obtained by [19] we used a smoothly broken power-law function to fit the broadband spectrum of Cas
with the parameter β fixed to 1 and the energy break to E b =1.7 GeV. E o is the normalisation energy, fixed to 1 GeV. The SED was obtained by fitting the source normalisation factor in each energy bin independently using a power-law spectrum with a fixed spectral index of 2. For each spectral point we required at least a TS of 4, otherwise upper limits at the 95% confidence level were computed. Figure 1 shows the gamma-ray spectrum of Cas A obtained with the MAGIC telescopes and Fermi. The spectrum obtained by MAGIC can be described with a power-law with an exponential cut-off (EPWL): TeV. The spectral parameters of the tested models θ = {N 0 , Γ, E c } are obtained via a maximum likelihood approach. The probability of the EPWL fit is 0.42. We tested the model against the null hypothesis of no cut-off, which is described with a pure power-law (PWL). The probability of the PWL fit is 6 × 10 −4 . A likelihood ratio test between the two tested models favours the one that includes a cut-off at ∼ 3.5 TeV with 4.6σ significance.
Results
For the Fermi-LAT analysis, a broken power-law function with normalisation N o = (8.0 ± 0.4) × 10 −12 TeV −1 cm −2 s −1 , indices Γ 1 = 0.90 ± 0.08 and Γ 2 = 2.37 ± 0.04 is obtained.
The systematic uncertainty due to an eventual mismatch on the absolute energy scale between MAGIC data and MC simulations was constrained to be below 15% in [27] . By conservatively modifying the absolute calibration of the telescopes by ±15%, and re-doing the whole analysis, we can evaluate the effect of this systematic uncertainty in the estimated source spectrum. This does not produce a simple shift of the spectrum along the energy axis, but changes also its hardness. Even in the unlikely scenario in which, through the 158 h of observations, the average Cherenkov light yield was overestimated by 15% relative to the MC, by applying the corresponding correction the resulting spectrum is still better fit by an EPWL at the level of 3.1σ . In the scenario in which the light yield was underestimated in average by 15%, the EPWL is preferred over the PWL at the 6.5σ level. The systematic uncertainties in the flux normalization and spectral index during moonlight observations were reported in [28] .
Discussion
With MAGIC observations we have obtained the most precise spectrum of Cas A to date. This study, presented in detail in [26] , reports for the first time observational evidence for the presence of a cut-off in the VHE spectrum of Cas A. The spectrum measured with the MAGIC telescopes can be described with an EPWL with a cut-off at ∼3.5 TeV, which is preferred over a PWL scenario with 4.6σ significance.
These high precision measurements allow us to set stronger constrains on the nature of the particles that are responsible for the TeV emission. With this aim, we have used the radiative code and Markov Chain Monte Carlo fitting routines of naima 2 [29] , deriving the present-age particle distribution. The code uses the parametrisation of neutral pion decay by [30] , the parametrization of synchrotron radiation by [31] and the analytical approximations to IC up-scattering of blackbody radiation and non-thermal bremsstrahlung developed by [32] and [33] , respectively.
We first considered the possibility of a pure leptonic scenario in which the gamma-ray emission is originated by an electron population, described with a power-law with an exponential cut-off function, producing Bremsstrahlung and IC radiation in the gamma-ray range, and synchrotron radiation at lower energies. The photon fields that contribute to the inverse Compton component are the ubiquitous 2.7 K cosmic microwave background (CMB) and the large far infrared (FIR) field measured in Cas A, with a value of ∼2 eV/cm3 at 100 keV. With the photon field fixed, we searched for the highest possible density of electrons that are compatible with the VHE flux. Once this was set, we could constrain the maximum magnetic field for which the synchrotron radiation produced by the derived population does not exceed the radio and X-ray measurements 3 .
The resulting emission from the leptonic model is shown in Fig. 2 , among with the radio measurements displayed in purple dots [7, 8, 9, 10, 11, 12, 34] , soft SUZAKU X-rays marked in red [15] and hard INTEGRAL X-rays in blue [17] . LAT points are shown in cyan and the MAGIC ones in green. The electron population responsible for the emission that results from the model has an amplitude at 1 TeV of 2×10 34 eV −1 , spectral index 2.4 and a cut-off energy at 8 TeV. The maximum allowed magnetic field was found to be at B≃180 µG, a value that was used to derive the synchrotron emission. The model is generally compatible with the X-ray and radio measurements and it could actually explain the MAGIC spectrum above a few TeV. But it fails to reproduce the γ-ray spectrum between 1 GeV and 1 TeV, being a factor 2-3 below the measured LAT spectrum. In addition, the derived emission was obtained for a relatively low magnetic field intensity. To accommodate a magnetic field of the order of ∼1 mG, as reported in [35] , the amplitude of the electron spectrum would need to be decreased at least by a factor 10, rendering a negligible IC contribution at the highest energies. We conclude that a non-negligible contribution from electrons to the TeV emission can only be sustained if it is originated in a region of low magnetic field like the reverse shock.
We also studied the possibility of a pure hadronic scenario. We assumed a population of CRs characterised with a power-law function with an exponential cut-off to fit the gamma-ray data from 60 MeV to 15 TeV, and a target proton density of 10 cm −3 [36] . The proton spectrum is best-fit with a hard index of 2.21 and an exponential cut-off energy of 12 TeV, which implies a modest acceleration of CRs to VHE, well below the energy needed to explain the CR knee. The proton energy above 1 TeV is 5.1×10 48 erg, which is only ∼0.2% of the estimated explosion kinetic energy of E sn = 2 × 10 51 erg [36] . The total energy stored in protons above 100 MeV amounts to 9.9 × 10 49 erg.
The flat spectral index is in agreement with the standard theory of diffuse shock acceleration, but the low cut-off energy implies that Cas A is an extremely inefficient in the acceleration of CRs at the present moment. Alternatively, Cas A may also be located in a very diffusive region of the Galaxy, resulting in a very fast escape of protons of TeV and higher energies. This result implies that even if all the TeV emission was of hadronic origin, Cas A could not be a PeVatron at its present age.
Several emission regions must be active to explain the radio, X-ray, GeV and TeV emission of Cas A. A purely leptonic model cannot explain the GeV-TeV spectral shape derived using LAT and MAGIC data, as previously suggested based on observations at lower energies [24, 25, 37, 38] . A leptonic population is undoubtedly necessary to explain the emission at radio and X-ray energies. Indeed the bright steep-spectrum radio knots and the bright radio ring, demand an average magnetic field of ∼1 mG [23] , whereas the faint plateau surrounding Cas A, seen in Chandra continuum images, is consistent with a lower magnetic field, which might contribute to the observed emission above 1 TeV.
However, the bulk of the HE and VHE γ-rays must be of hadronic origin. Cas A is most likely accelerating CRs, although to a rather low energy of a few TeV. Even if some leptonic contribution at VHE produced by IC cannot be excluded, this would not affect our conclusion that acceleration in Cas A falls short of the energies of the knee of the CR spectrum.
